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Abstract
Turbulence aﬀects traditional free space optical communication by causing speckle
to appear in the received beam proﬁle. This occurs due to changes in the refrac-
tive index of the atmosphere that are caused by ﬂuctuations in temperature and
pressure, resulting in an inhomogeneous medium. The Gaussian-Schell model of
partial coherence has been suggested as a means of mitigating these atmospheric
inhomogeneities on the transmission side.
This dissertation analyzed the Gaussian-Schell model of partial coherence by
verifying the Gaussian-Schell model in the far-ﬁeld, investigated the number of in-
dependent phase control screens necessary to approach the ideal Gaussian-Schell
model, and showed experimentally that the Gaussian-Schell model of partial coher-
ence is achievable in the far-ﬁeld using a liquid crystal spatial light modulator. A
method for optimizing the statistical properties of the Gaussian-Schell model was
developed to maximize the coherence of the ﬁeld while ensuring that it does not ex-
hibit the same statistics as a fully coherent source. Finally a technique to estimate
the minimum spatial resolution necessary in a spatial light modulator was developed
to eﬀectively propagate the Gaussian-Schell model through a range of atmospheric
turbulence strengths.
This work showed that regardless of turbulence strength or receiver aperture,
transmitting the Gaussian-Schell model of partial coherence instead of a fully co-
herent source will yield a reduction in the intensity ﬂuctuations of the received ﬁeld.
By measuring the variance of the intensity ﬂuctuations and the received mean, it
is shown through the scintillation index that using the Gaussian-Schell model of
partial coherence is a simple and straight forward method to mitigate atmospheric
turbulence instead of traditional adaptive optics in free space optical communica-
tions.
xiv
Chapter 1
Introduction
1.1 Traditional Free Space Optical Communica-
tions
In traditional free space optical (FSO) communications a fully coherent source,
commonly known as a LASER, is propagated through the atmosphere to a receiver.
Due to changes in temperature and pressure, the atmosphere is inherently inhomoge-
neous, causing the index of refraction to ﬂuctuate resulting in intensity ﬂuctuations
of the propagating ﬁeld at the receiver. This phenomena is commonly referred to as
speckle.1–6 To compensate for these ﬂuctuations expensive adaptive optics solutions
are generally implemented to measure and correct the wave front of the propagating
ﬁeld.7
The two most common adaptive optics methods for measuring atmospheric dis-
turbances are the Hartmann wavefront sensor and the Shearing Interferometer wave-
front sensor7. Both of these methods compensate by measuring the slope of the
propagating wave front phase. When these devices are implemented in a FSO sys-
tem there are generally two diﬀerent sensors, one to measure the wavefront aberra-
1
tions and another to collect the desired information. To implement this system in
real time a deformable mirror is used before the data sensor to compensate for the
measured wave front aberrations. If real time processing is not required this can
be delegated to post-processing. To reduce receiver complexity in a FSO system
mitigating these ﬂuctuations on the transmission side is preferable.
1.2 Partial Coherence Approach
Transmitting a partially coherent source has been suggested as a means to mitigate
these intensity ﬂuctuations and reduce the sensor complexity of a FSO system.6,8–17
Speciﬁcally this dissertation analyzes the Gaussian-Schell model18,19 (GSM) of par-
tial coherence to mitigate atmospheric turbulence eﬀects in a horizontal free space
optical communications channel. A horizontal atmospheric channel was chosen to
simplify the mathematics of atmospheric propagation and shorten simulation times.
In this approach for generating the GSM9, diﬀerent independently generated phase
control screens are generated and applied to an initial amplitude Gaussian beam to
statistically control the phase of the propagating beam allowing for optimal trans-
mission11. Each independent phase control screen after being applied to the Gaus-
sian beam and propagated will be known as a single instance of the GSM. When
they are all combined at the receiver over a speciﬁed averaging time they will then
yield a fully developed GSM.
Diﬀerent methods to generate partial coherence have been attempted in the
past with varying degrees of success. One of the most basic methods uses a rotating
phase diﬀuser to reduce the spatial coherence of the source20. The problem with
this method is that the spatial coherence characteristics are directly related to the
phase diﬀuser, and changing the beam properties is not possible without creating
2
another diﬀuser. The other problem with rotating phase diﬀusers is that the phase
pattern will repeat itself each time the diﬀuser rotates causing an unwanted temporal
correlation in the random pattern leading to a reduction in the eﬀectiveness of the
approach. Another suggested method uses a multi-mode laser where the coherence is
dependent upon the lack of phase correlation between modes21. The technical issue
here is in controlling the degree of partial coherence. To overcome these problems
an adaptive phase control device is desirable.
A previous adaptive method that was successful in creating partial coherence
used a deformable membrane mirror with 37 addressable actuators.10 The main
problem with this approach was that its coherence properties were limited by the
perturbation voltages applied to the mirror that followed a Bernoulli distribution.
The diﬀerence between the previous adaptive method and this system is a fully
controllable liquid crystal spatial light modulator (SLM) will be used for the exper-
iments and subsequently modeled in simulation. The beneﬁts of this system allow
any type of phase screen to be applied, yielding a greater number of partially coher-
ent states. This increased number of states allows better control of the beam which
results in better transmission optimization.
1.3 Summary of Key Results
1.3.1 Gaussian-Schell Theory and Experiment
This dissertation details the theory of partial coherence and how it applies to the
Gaussian-Schell model (GSM) and then presents a wave optics simulation and exper-
iment to prove the concept using a liquid crystal SLM. The wave optics simulation
veriﬁed the GSM in the far-ﬁeld and analyzed how many instances of a GSM were
needed to approach the ideal GSM18,19. This is important because a spatial light
3
modulator is currently frame-rate limited, and this information helped to optimize
the results while staying within the limitations of the experiment. This work veriﬁed
the GSM in the far-ﬁeld, demonstrated that a liquid crystal spatial light modulator
is spatially able to implement a GSM in the far-ﬁeld, and when implemented the
calculated scintillation index from the received ﬁeld is less than a fully coherent
source.
1.3.2 Optimizing the Gaussian-Schell Model
After verifying that the phase statistics are able to be controlled using a SLM I
demonstrate the concept of controlled coherence in a simulated optical communica-
tions channel to determine the optimal spatial correlation width of a GSM beam to
mitigate turbulence and maintain a high received power. This is done by creating
both a partially coherent source and a fully coherent source(FCS) using the SLM,
which is achievable by controlling the spatial correlation width of the phase control
screen. The larger the spatial correlation width of the phase control screen the more
coherent the propagating beam will be, while the inverse is true as well.
By deﬁning a range of spatial correlation widths we are able to transmit a FCS
and a range of GSM sources to the receiver. Using this received data we are able
to easily compare the scintillation index (SI) of the FCS to the range of GSM
sources and determine a value that optimizes transmitted power while ensuring
that the transmitting beam does not exhibit the spatial variance statistics of a fully
coherent source. This optimized value of the spatial correlation width is deﬁned
as the upper coherence limit (UCL) of the GSM beam and ensures that the GSM
does not exhibit the speckling statistics of a fully coherent source. Two diﬀerent
atmospheric cross-sections were chosen along with a variety of aperture diameters,
to show the robustness of the UCL optimization technique.
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1.3.3 Minimum Spatial Light Modulator Resolution
To implement this system in a practical FSO system it is necessary to know the
minimum spatial resolution necessary in a spatial light modulator. This is especially
true given the slow frame rates of the current generation spatial light modulators
in terms of FSO system bandwidth. Determining the minimum resolution allows
simpliﬁcation of the control circuitry and will hopefully yield faster frame rates. It is
for this reason that a wave optics simulation was developed to estimate the minimum
number of phase control elements necessary in a spatial light modulator to generate
a Gaussian-Schell model beam through turbulence. This simulation determined the
minimum number of phase control elements necessary to stabilize the scintillation
index of the received ﬁeld. A variety of turbulence strengths and receiver diameters
were chosen to show that the numerical analysis is valid over a variety of channel
parameters and receiver apertures.
1.4 Dissertation Overview
The remainder of this dissertation is organized as follows. Chapters two, three,
and four contain previously published or submitted work by the author which has
been edited for readability, accuracy, and cohesion of the dissertation. The work in
chapter two was published in Optical Engineering and an OSA Technical Digest, the
work in chapter three was published solely in Optical Engineering, and the work in
chapter four has been submitted to Optical Engineering and is currently undergoing
the peer review process. The rest of the document is arranged in the following
manner.
In chapter two the Gaussian-Schell theory of partial coherence along with the
related experimental work is covered. Chapter three details the optimization tech-
5
nique of the upper-coherence limit. Chapter four analyzes the minimum spatial
resolution necessary to develop the GSM through a turbulent atmosphere. The ﬁfth
and ﬁnal chapter wraps up the dissertation with an overview of the signiﬁcance the
completed work including some easy to implement suggestions for future work.
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Chapter 2
Gaussian-Schell Model of Partial
Coherence: Theory and
Experiments
2.1 Introduction
Free space optical communications systems operate by a laser beam propagating
through the atmosphere from the transmitter to the receiver. The transmitted light
is generally from a uniform intensity, highly spatially coherent laser beam. When
this light passes through atmospheric turbulence its spatial coherence properties
are aﬀected by turbulence-induced index of refraction ﬂuctuations along the opti-
cal path. The result is that if the combination of turbulence strength and path
length are suﬃcient, a strongly temporal and spatially ﬂuctuating intensity pattern
falls upon the receiver aperture6. This causes power ﬂuctuations at the receiver
which can aﬀect performance. One goal of research in the area of free space optical
communications has been to reduce the variance of the power ﬂuctuations while
7
simultaneously maintaining a high mean received power. A proposed method to
accomplish this is to transmit a partially spatially coherent beam8,13–15,22–24. This
chapter presents the theory and an experimental demonstration of this concept.
Creating a partially coherent beam and controlling the coherence attributes can
be problematic. Of particular interest in this chapter is the concept of controllable
coherence using the Gaussian-Schell model9 to allow optimal transmission11. One
method that has created a partially coherent source was done using a deformable
membrane mirror with 37 addressable actuators and use of a heater to mimic tur-
bulence eﬀects10. The main problems with this approach is the controlling system,
where the coherence parameters were limited by the perturbation voltages applied
to the mirror that followed a Bernoulli distribution, and the unknown turbulence
statistics of the heater. A less complex method to construct a partially coherent
beam is to use a rotating phase diﬀuser to reduce the spatial coherence of the
source20. The problem with this method is that the phase pattern repeats itself
each time the diﬀuser rotates, which causes an unwanted temporal correlation in
the random pattern and reduces the eﬀectiveness of approach. This method also
requires the use of a new diﬀuser every time diﬀerent turbulence parameters arise to
maintain optimal performance. Another suggested method uses a multi mode laser
where the coherence is dependent upon the lack of phase correlation between the
modes21. The problem with this method is in the technical aspect of controlling the
degree of partial coherence. To overcome these problems an adaptive phase control
device is desirable.
This chapter describes a new technique based on the use of a liquid crystal spa-
tial light modulator (SLM) to control the phase of a fully coherent beam to create
8
a partially spatial coherent beam. While current liquid crystal technology does not
have suﬃcient response time, work is being done to improve the responsiveness of
phase modulation devices. A recent example by Love25 has seen response times for
liquid crystal phase modulators drop to the sub millisecond realm. In this chapter
the SLM used is roughly two orders of magnitude slower. The concept requires a
coherent beam to be sent to the SLM where a sequence of random phase realizations
is rapidly applied to the beam. The resulting beam realizations are then averaged at
the receiver owing to the ﬁnite temporal bandwidth of the detector. Random phase
realizations with virtually any spatial statistics can be placed upon the SLM. Here
the SLM is used to generate a Gaussian-Schell model beam9. The phase applied to
the SLM is composed of a Gaussian kernel, f(x, y), that is convolved with a ran-
dom matrix, r(x, y). By controlling the e−1 radius of the kernel and the standard
deviation of the random matrix, σr, it is possible to control the degree of coherence
of the outgoing beam. Keep in mind that the SLM will need to operate fast enough
to correct for each transmitted bit. Therefore in a FSO communications network
the SLM will need to run signiﬁcantly faster than the data rate. If a standard 2.5
Gbps connection is assumed then the SLM, at a bare minimum, would need to be
an order of magnitude faster than current technology will allow at this time. While
the response time of both the phase control device and the detector are limited in
this experiment these results demonstrate the basic principles of the technique.
The work in this chapter diﬀers from what has been done previously by project-
ing the outgoing beam to the far-ﬁeld, and controlling the partial coherence of the
outgoing beam with a full 2D Gaussian-Schell model on a high resolution liquid crys-
tal SLM that is passed through a near-ﬁeld turbulence path with known statistics.
Measuring the far-ﬁeld projection was done to ensure that when the experiment is
9
performed the results are diﬀraction limited.
The simulation and experimental results of this chapter demonstrate that by trans-
mitting a partially spatial coherent beam through a turbulent path the variance of
the intensity for a single pixel over multiple turbulence screens will decrease. This
variance decrease leads to a reduction of the scintillation index, thus, the signal-to-
noise ratio of the received signal can be improved without increasing transmitter
power.
The remainder of this chapter is organized as follows. In section 2.2 discusses
the mathematical background for turbulence modeling, the computer simulation
method and partially coherent beam propagation. In section 2.3 the simulation is
discussed and how it applies to the theory. In section 2.4 the experiment setup and
main results from this experiment are presented and explained. Finally, in section
2.5 brieﬂy discusses future work and presents the conclusions.
2.2 Theory
Turbulence is deﬁned as the condition that exists when ﬂuid motion in the atmo-
sphere becomes unstable and random. When this happens it creates packets of air
having diﬀerent indices of refraction resulting from diﬀerences in temperature and
pressure. The equation for the index of refraction for the atmosphere is7
n(r, t) = no + n1(r, t) (2.1)
10
where r is a three dimensional vector position and t is time, n0 is the mean index
of refraction of air, and n1 is the randomly ﬂuctuating term that is dependent upon
pressure and temperature of the atmosphere. n1 is deﬁned as
7
n1 =
77.6P
T
10−6 (2.2)
where P is the pressure of the air in millibars and T is the temperature of the air
in Kelvins. The Kolmogorov spectrum is used to model the spatial characteristics
of atmospheric turbulence. The spatial power spectral density (PSD) of n1 for
Kolmogorov turbulence is represented by, ΦKn (k, z).
7
ΦKn (k, z) = 0.033C
2
n(z)k
−11/3, (2.3)
where k is the scalar wavenumber, and C2n is the structure constant of the index of
refraction ﬂuctuations with units m−2/3. For this work C2n is kept constant, which
is consistent with horizontal propagation through the atmosphere. A single phase
screen is used to model turbulence over the path. The method for controlling the
spatial coherence of the propagating beam is now presented.
With regard to this concept, the spatial correlation of the random phase applied
by the SLM controls the coherence properties of the propagating ﬁeld. For the work
reported here, a Gaussian correlated random phase function is created by convolving
the sampled Gaussian ﬁlter, f(x, y) with a matrix of random values, r(x, y). The
Gaussian ﬁlter is given by
f(x, y) =
1
2πσ2f
exp
[
− (yΔy)
2 + (xΔx)2
2σ2f
]
(2.4)
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where σ2f is equal to the e
−1 radius of the Gaussian ﬁlter. With x = (0, 1, ..., N − 1)
and y = (0, 1, ...,M − 1), where N and M are equal to the number of adjustable
pixels of the SLM in the x and y directions, respectively. Δx and Δy are the spatial
sample spacing in the x and y directions. The random matrix is given by
r(x, y) =
[γ(x, y)− 0.5]σr
(ΔyΔx)1/2
(2.5)
where γ is a random draw from a random number generator whose output is uni-
formly distributed on [0,1] and σr is the standard deviation desired for the matrix.
The phase screen is now deﬁned by the convolution of these functions
θ(x, y) =
[
f(x, y)⊗ r(x, y)
]
(ΔyΔx) (2.6)
where ⊗ represents the two dimensional convolution operator. The convolution for
the phase screen is carried out by use of fast Fourier transform based methods26.
The phase screen, θ(x, y) is applied directly to the SLM, although mathematically
the eﬀect on the incident optical ﬁeld is a multiplication by the complex exponential
ejθ(x,y). The spatial correlation width, σ2g , is the e
−1 radius of the correlation function
of θ(x, y) and is given by9
σ2g =
8πσ4f
σ2r
(2.7)
Physically σ2g indicates how smooth θ(x, y) will be. The smaller σ
2
g is the less co-
herent the outgoing beam will be. In the real world σr relates to the amplitude
variation of the phase screen, and σf is the transverse spatial correlation length.
Both of these parameters have the units of length.
The expected outcome from applying these statistical phase variations to the prop-
12
agating beam is that as the transmitted ﬁeld coherence decreases the intensity ﬂuc-
tuations of the observed ﬁeld will also decrease27. This means that when using a
partially coherent beam instead of a traditional laser source the variance of the re-
ceived power ﬂuctuations will have decreased. These ﬂuctuations can be quantiﬁed
by the scintillation index. The scintillation index is the variance of the received
signal normalized by the mean signal and is deﬁned as
SI =
variance(q)
mean(q)2
(2.8)
where q is used to deﬁne the received signal power. In this case the signal is physi-
cally deﬁned as the intensity of light received.
For reference the analytic expression for the mean intensity of a Gaussian-Schell
model beam in the target plane at distance z is included.8
< I(ρ) >=
w20
w2ζ(z)
exp
[ −2ρ
w2ζ(z)
]
(2.9)
Where w0 is the source beam radius, ρ is the sum of the ﬁeld components, and wζ(z)
is the e−1 radius of the beam in the presence of turbulence at distance z from the
aperture.
wζ(z) = w0(rˆ
2 + ζzˆ)2 (2.10)
Where ζ is the global coherence parameter
ζ = 1 +
w20
σ2g
+
2w20
ρ20
(2.11)
and ρ0 is the coherence length of the spherical wave in turbulence.
13
ρ0 = 0.55C
2
nk
2z (2.12)
The parameter rˆ characterizes the focusing properties of the transmitting beam,
where rˆ < 1 for converging beams, rˆ = 1 for collimated beams and rˆ > 1 for
divergent beams. Since an initially collimated beam is assumed, rˆ = 1 and zˆ =
z/(0.5kw2b ), where wb is the beam waist at z = 0. Using the notation of Mandel and
Wolf18 the e−1 radius of < I(ρ) > as a function of z is deﬁned as
ρ¯(z) =
wζ(z)√
2
=
√
2σΔ(z), (2.13)
where
w2b = 4σ
2, (2.14)
Δ(z) =
[
1 +
(
2z
kwbδ
)2]1/2
, (2.15)
and
δ2 =
4σ2σ2g
4σ2 + σ2g
(2.16)
The Gaussian-Schell beam model used in this chapter was demonstrated in a wave
optics simulation by Xiao9; the expected outcome from using this model is that
the time averaged beam shape at the receiver will be Gaussian24,28. Speciﬁc beam
parameters can be found in8,24 where a more complete theoretical treatment of the
eﬀects of the atmosphere on a partially coherent beam can be found.
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2.3 Simulation
The purpose of the simulation is to validate the theory and show that transmit-
ting a partially spatial coherent beam will result in a beam falling on the receiver
plane which is on average Gaussian, with parameters that can be predicted as shown
above. It is also important to obtain an estimate of how many realizations of the ran-
dom phase screen are necessary to average over to obtain this mean proﬁle. Hence,
the simulation data is broken down into four diﬀerent beam proﬁles based upon
the number of frames that were summed. This information is then applied to the
experiment to increase the eﬃciency of the experiment, and to estimate the rate at
which a practical system must operate. It is important to note that this simulation
is done in the far-ﬁeld to correspond to the bench experiment that is discussed in
section four as opposed to the near-ﬁeld simulation done by Xiao9.
In the simulation a source beam with an initially Gaussian amplitude proﬁle is
created29.
E(x, y) = exp
[
−(xΔx)
2 + (yΔy)2
w20
]
(2.17)
The beam is then multiplied by the exponential of the phase screen, ejθ(x,y), and
propagated into the far-ﬁeld using a Fourier transform propagator31. The average
intensity pattern in the receiver plane for a single turbulence screen can be shown
in the following equation.
I(x, y) =
1
S
S−1∑
i=0
F
{
E(x, y)exp [jθi(x, y)] exp [jT ]
}
(2.18)
In (2.18), S is the number of diﬀerent phase screens used to construct the partially
coherent beam, F is a two dimensional Fourier transform operator, and T is the
15
turbulence phase screen. The Kolmogorov turbulence phase screen used was built
in Matlab using the Adaptive Optics Toolbox30, where the size of the screen is equal
to the size of I(x, y), and the r0 value(Fried parameter) is equal to 0.325 mm for the
single turbulence phase screen run. Expanding this model to account for multiple
turbulence screens yields.
Ik(x, y) =
1
S
S−1∑
i=0
F
{
E(x, y)exp[jθi(x, y)]exp [jTk]
}
(2.19)
Now Ik(x, y) is an array of matrices where the index number k refers to a diﬀerent
turbulence screen every S frames. To scale the x and y axes in the observation plane
a lens with a focal length of 500 mm was used. This scaling factor can be deﬁned
in the x and y directions as
Δximg =
λfl
NΔx
Δyimg =
λfl
MΔy
(2.20)
with λ and fl being equal to wavelength and focal length respectively. In Figure 2.1
an overview of the simulation setup can be seen. The parameters chosen for inputs
Figure 2.1: Simulation Setup
to the simulation were λ = 632.8 nm, w0 = 1.7 mm, σ
2
g = 5∗10−9 m2, and σ2f = 10−3
16
m2. These parameters were chosen to satisfy the simulation requirement that9
σ2r
4πσ2f
 1. (2.21)
In Figure 2.2 C(x) is the theoretical prediction of the inﬁnite time average of the
intensity pattern, and is provided to compare the results obtained by using a ﬁnite
number of phase screens for the cross-section of I(x, y). The equation for this
prediction was developed by taking the following expression for optical intensity
(irradiance) of a Gaussian Schell model beam18
c(x, z) =
1
(Δ(z))2
exp
[
−2(xΔx− (M/2 + 1)Δx)
2
w20(Δ(z))
2
]
(2.22)
where
Δ(z) = exp
[
1 +
(
2z
kw20
)2(
1 +
w20
σ2g
)]1/2
(2.23)
and transforming it into the far-ﬁeld through Fourier transforms6,26, where z then
becomes fl and in this situation the resulting function c(x, z) is plotted as C(x) in
Figure 2.2.
These results show that in the limit, as S → ∞, a Gaussian intensity distribu-
tion is obtained. A summation of 30 frames was chosen for this experiment because
it starts to bring in the Gaussian form and it places a lower bound on the speed of
a device capable of implementing this concept in a real system.
Now that the partially coherent beam is fully deﬁned, the next logical step is to
compare the diﬀerence between using a partially spatial coherent beam and using a
fully coherent beam when propagating through a turbulent atmosphere. Figure 2.3
17
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Figure 2.2: Cross sections of beam total as imaged in the far-ﬁeld
shows a normalized time history of Ik(x, y) at the center pixel. Using this ﬁgure to
observe the intensity ﬂuctuations at the center pixel through diﬀerent turbulence
screens shows that in an ideal case the variance of the intensity will decrease with
the use of a partially spatial coherent beam. For reference the intensity of a FCS
without turbulence was plotted to help illustrate the eﬀects speckle causes.
Expanding this model to include diﬀerent values of the Fried parameter, r0, for the
turbulence screen it is possible to observe the general trend of the standard deviation
and mean both with and without correction in Figure 2.4. As can be seen in this
ﬁgure both the standard deviation and mean intensity at the center pixel have de-
creased. This means the beam is more stable, but at the cost of the average intensity.
The scintillation index is a useful metric when analyzing a signal that has been
18
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Figure 2.3: Center pixel intensity comparison through turbulence.
received after propagation through the atmosphere. The scintillation index is the
variance of the received signal normalized by the mean signal. Expanding on (2.8),
the equation for the scintillation index at the center pixel is
SI
(
M
2
,
N
2
)
=
variance(Ik(
M
2
, N
2
))
[mean(Ik(
M
2
, N
2
))]2
. (2.24)
In Figure 2.5 shows the scintillation index of the data in Figure 2.4. As expected
the scintillation index of the partially spatial coherent beam is smaller than that of
the uncorrected beam. This lower scintillation index results in decreased intensity
ﬂuctuations at the receiver.
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Figure 2.4: Center pixel standard deviation and mean over 156 diﬀerent turbulence
screens.
2.4 Experiment
2.4.1 Setup
As shown in Figure 2.6 the experiment is composed of a 632nm HeNe laser that
propagates through a pellicle beam splitter which then reﬂects from the SLM and
back through the beam splitter. The beam then propagates through the Kolmogorov
phase screen, Fourier transforming lens, and ﬁnally to the camera. The Fourier
transform lens of focal length 500 mm has been placed to propagate the beam into
the far-ﬁeld31. Unlike previous work10, this experiment uses a rotating transmissive
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Figure 2.5: Scintillation Index over 156 diﬀerent turbulence screens for each Fried
parameter.
Kolmogorov phase screen, T , built by Lexitek, Inc.32 The rotation allows new
screens to be introduced without changing the turbulence strength. The turbulence
strength of this screen is determined by the beam diameter that that is incident
upon the screen. This is controlled through the use of two lenses with equal focal
lengths, one on each side of the screen, that focus and expand the beam. The beam
diameter is then dependent upon where the Kolmogorov screen is located between
the lenses.
Turbulence strength in this experiment is calculated by the number of “speckles”,
S , that are illuminated by a normal coherent source on the turbulence screen and
is deﬁned by
S = π
(
Bd(fl − ds)
2r0fl
)2
. (2.25)
Where Bd is the beam diameter of the original beam before the SLM, fl is the fo-
21
Figure 2.6: Optical Bench Setup
cal length of the controlling lenses, ds is the distance from the Kolmogorov phase
screen to the collimating lens, and r0 is the Fried parameter which is 0.325mm for
this particular screen. The value of Bd for this experiment was approximately 3.9
mm.
To match the simulation, partially spatial coherent beam parameters were chosen to
be σ2g = 5×10−9 and σ2f = 10−3. The camera had the following parameters: shutter
22
speed of 30ms, collected at 15 frames per second, and no additional gain. The reso-
lution of the camera was binned down from 1384x1036 to 640x480 for an increased
frame rate, and pixel averaging. To also match the simulation, data was collected
for 156 diﬀerent Kolmogorov phase screens summed at 30 frames per screen; giving
4,680 total frames measured.
2.4.2 Results
The eﬀects of turbulence on the intensity pattern at the receiver both with SLM
correction and without can be seen in Figures 2.7-2.13. This shows experimental
results of I(x, y) with increasing turbulence strengths. The weakest turbulence is in
Figure 2.7 with S = 8.35, and the strongest is in Figure 2.13 with S = 37.2. As
expected the results in Figures 2.7-2.13 show that as turbulence strength increases
the beam becomes more unstable, and the time averaged intensity pattern is more
uniform and less speckled with SLM correction than without it. This observation is
better illustrated in Figures 2.14-2.20, where the the radial average of Figures 2.7-
2.13 were plotted.
The next set of experimental results in Table 2.1 are of I(x, y) at speciﬁc (x, y)
coordinates arbitrarily chosen for being near the center of the imaged beam, and
show that when you apply the partially spatial coherent beam to diﬀerent turbulence
strengths the variance of the pixel intensity and the scintillation index will decrease.
Speciﬁcally as shown in line 2 of Table 2.1, it is possible to decrease the variance by
43% and the SI by 51% when using a partially spatial coherent beam in this setup.
Figure 2.21 shows the calculated scintillation index reduction of the experimental
I(x, y) at 200 diﬀerent arbitrarily chosen (x, y) coordinates near the center of the
23
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Figure 2.7: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 8.35.
Table 2.1
Variance analysis of received intensity data
With SLM Without SLM Variance SI
S Variance Mean Variance Mean Decrease SIw SIwo Decrease
15.6 5.45 21.5 10.6 22.3 49% 0.012 0.021 45%
25.3 13.0 18.7 23.0 17.4 43% 0.037 0.076 51%
30.9 13.9 17.3 19.4 16.4 28% 0.046 0.072 36%
receiver for each turbulence strength. The reason for the gaps in percent reduction
in this graph are caused by the arbitrary choosing of the (x, y) coordinates. By using
a histogram to analyze this data, it can be seen in Figure 2.22 that the majority of
the scintillation index reduction near the center occurs in the range of 30− 50%.
By expanding the area of analysis to include the entire captured data set, it is
easily observable in Figure 2.23 that for the majority of the receivers the calculated SI
is reduced using the GSM. Figure 2.24 shows a histogram of the data in Figure 2.23.
The overall calculated mean SI reduction for all measured turbulence strengths is
19.70%, with a standard deviation of 12.97. These results show that regardless of
turbulence strength the GSM of partial coherence is an eﬀective means for reducing
24
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Figure 2.8: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 11.7.
the intensity ﬂuctuations of the received ﬁeld when compared to a highly coherent
laser source.
2.5 Conclusion and Future Work
This chapter has shown that using a liquid crystal SLM is a practical proof of con-
cept device when implementing a partially spatial coherent beam in an experiment.
Keep in mind that the frame rate of liquid crystal technology needs to develop
several orders of magnitude more before it is truly appropriate for high bandwidth
FSO communications. With the current pace of technology it is entirely possible
that another SLM technology will emerge to accomplish this in the future. This
chapter has also shown, through the scintillation index, that when using a partially
spatial coherent beam in the far-ﬁeld, the variance of the pixel intensity will be less
than that of a fully coherent source in the same turbulence. This lower variance was
achieved not through the use of expensive adaptive optics, but instead by applying
statistical phase variations to the propagating ﬁeld at the source. This demonstrates
25
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Figure 2.9: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 15.7.
that partial coherence created with a high resolution spatial light modulator is an
eﬀective method for reducing the eﬀects of scintillation due to atmospheric turbu-
lence, instead of rotating phase diﬀusers, multi mode lasers, and traditional adaptive
optics. In the end it has been shown both theoretical and experimentally that with
the given parameters partial coherence will ultimately decrease the scintillation in-
dex, thereby increasing the signal to noise ratio in a FSO communications channel.
Future work on the partially spatial coherent beam to be accomplished is develop-
ing a quasi-random model that more accurately and precisely predicts what phase
variations are needed to be applied to the propagating ﬁeld. This would lead to
fewer individual phase screens per turbulence path to create the correct beam pro-
ﬁle. Fewer summations would also lead to a more eﬀective optical communications
channel.
Another aspect that should be considered is an experiment to add a non-Kolmogorov
turbulence path, in the form of another SLM to simulate this path, or by using an
26
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Figure 2.10: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 20.2.
existing free space optical channel. These experiments will help to model how the
partially coherent beam behaves when introduced to other turbulence types in a free
space optical channel.
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Figure 2.11: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 25.3.
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Figure 2.12: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 31.0.
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Figure 2.13: Beam comparison of a partially spatial coherent beam to a coherent
LASER source. The maximum values in the transmitted beam are red, and the
minimum values are dark blue. Turbulence strength of S = 37.2.
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Figure 2.14: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 8.35.
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Figure 2.15: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 11.7.
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Figure 2.16: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 15.7.
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Figure 2.17: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 20.2.
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Figure 2.18: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 25.3.
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Figure 2.19: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 31.0.
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Figure 2.20: Radial average beam comparison of a partially spatial coherent beam
to a coherent LASER source. Turbulence strength of S = 37.2.
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Figure 2.21: Calculated scintillation index reduction data for 200 (x, y) coordinates
near the center of the receiver for each turbulence strength.
Figure 2.22: Histogram of the scintillation index reduction data in Figure 2.21.
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Figure 2.23: Spread of the calculated scintillation index reduction over the entire
receiver for each turbulence strength. There are 307,200 calculated values for each
turbulence strength.
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Figure 2.24: Histogram of the scintillation index reduction data in Figure 2.23.
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Chapter 3
Upper Coherence Limit
3.1 Introduction
It is well documented that turbulence aﬀects traditional free space optical commu-
nications by creating a speckled ﬁeld at the receiver.1–6 Partially coherent beams
(PCB) have been shown to mitigate the eﬀects of turbulence in free space opti-
cal(FSO) communications.6,8–11,13–17 Unfortunately most of these solutions tend to
be limited to speciﬁc turbulent regimes, and require knowledge of the turbulence to
adjust the beam parameters accordingly. In this chapter a method is proposed to
control a type of PCB, the Gaussian-Schell model18,19 (GSM) beam, to optimize the
beam parameters by limiting the spatial correlation width to mitigate turbulence
eﬀects, and to minimize the mean variance of the received power while maintaining
the signal-to-noise ratio(SNR).
One of the problems with using a PCB in FSO communications is that the beam
diverges faster than a fully coherent source (FCS) in atmospheric turbulence8,16
resulting in a beam with a lower scintillation index (SI) at the cost of a reduced
optical power density at the receiver. One of the goals of this work is to determine
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an optimal point in which to limit the PCB and maximize the coherence of the
source, therefore limiting the reduction of the optical power density.
Due to the diﬃculty in developing a theoretical expression for the mean and
variance of the received power in strong turbulence a wave optics simulation is
used to study this issue. In this approach the spatial correlation width, σ2g , of a
simulated GSM beam through turbulence is increased from spatially incoherent to
spatially coherent, and the received irradiance is saved for statistical analysis. In
this approach it is assumed that the GSM beam is controlled through the use of a
Spatial Light Modulator(SLM). The statistics from the saved irradiance are used to
determine the coherence properties of the GSM beam which optimize the beneﬁcial
aspects of a partially coherent transmitting beam. This value of σ2g is deﬁned as
the upper-coherence limit(UCL) for the GSM beam in a turbulent optical channel.
After the UCL has been determined, it is sent via a low bandwidth communication
channel to the transmitter. This closed loop is essential for providing the transmitter
with the correct parameters to correct for the atmospheric ﬂuctuations. The driving
force behind the creation of this limit is to determine if there is a simple process
to automatically determine optimal beam parameters for a GSM beam in a closed
communication system.
This chapter demonstrates a straight forward method to calculate the optimal
spatial correlation width of a GSM beam when channel turbulence is unknown with a
low bandwidth feedback channel completing the closed loop communication system.
The selection of σ2g is obtained by calculating the UCL, which this chapter will
show is determined in a straightforward manner, regardless of turbulence strength
or receiver aperture size.
The remainder of the chapter is organized as follows. In section 3.2 the mathe-
matical details of the simulated GSM and fully coherent source(FCS) are discussed.
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In section 3.3 the details of the simulation: channel overview, constants, and an
analysis of the method are examined. Finally in section 3.4 the conclusions are
presented with future work ideas.
3.2 Theory
Starting with the deﬁnition of spatial power spectral density (PSD) of the index
of refraction ﬂuctuations for a horizontal turbulent channel where the spatial PSD
of the index of refraction ﬂuctuations is described by the Kolmogorov spectrum
represented by7
ΦKn (k, z) = 0.033C
2
n(z)k
−11/3, (3.1)
where k is the scalar wavenumber, and C2n is the structure constant of the index
of refraction ﬂuctuations with units m−2/3. Since a horizontal channel is being
modeled, C2n is kept constant and a single phase screen, T (x, y), is placed in the
pupil of the system to model the atmospheric turbulence eﬀects. The strength of
these screens is controlled by the Fried parameter, r0, with the relationship between
r0 and C
2
n given by
r0 = 0.185
[
4π2
k2C2nzi
]3/5
, (3.2)
where zi is the propagation distance between turbulence layers. Since the channel
is assumed horizontal, there is only one layer, therefore zi = z, with z being deﬁned
as the distance of propagation.
A single time averaged instance of the irradiance of the transmitting beam in
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the receiver plane is
PCB(x, y) =
1
S
S∑
i=1
∣∣F−1 {F {E(x, y)exp [jθi(x, y)] exp [jT (x, y)]}H(u, v)}∣∣2
(3.3)
where H is the transfer function of the Fresnel propagator and is deﬁned as31
H(u, v) = F
{
exp [jkz]
jλz
exp
[
jk
2z
(
(xΔx)2 + (yΔy)2
)]}
(3.4)
where F is a two-dimensional Fourier transform operator, u and v are spatial fre-
quencies, λ is the wavelength, and k is the scalar wave number deﬁned by
k =
2π
λ
. (3.5)
It should be noted that x = (0,1,...N -1) and y = (0,1,...M -1), where N and
M are equal to the number of adjustable pixels of the simulated Spatial Light
Modulator(SLM), that is controlling the GSM, in the x and y directions respectively.
Δx and Δy are the spatial sample spacing in the x and y directions.
When using the Fresnel propagator in a simulation, it is necessary to properly
address spatial sampling issues. The transfer function is said to be critically sampled
when Δx = λz/L, with L being the physical length of array x in meters. When
Δx < λz/L the transfer function is undersampled. In the undersampled scenario
the simulation is valid for relatively “long” propagation distances.33
E(x, y) is the initial amplitude of the Gaussian source and is deﬁned as29
E(x, y) = exp
[
−(xΔx)
2 + (yΔy)2
w20
]
(3.6)
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θ(x, y) is the controlling phase screen of the GSM and is deﬁned as9,13
θ(x, y) = F−1
{
F
{
1
2πσ2f
exp
[
−(xΔx)
2 + (yΔy)2
2σ2f
]}
F
{
(γ(x, y)− .5)σr
(ΔxΔy)2
}}
(ΔxΔy) (3.7)
where γ(x, y) is a matrix of random draws from a random number generator whose
output is uniformly distributed on [0,1], σr relates to the amplitude variation of the
phase screen, and σf is the transverse spatial correlation length. Both σr and σf
have units of length.
The spatial correlation width, σ2g , of θ is
9,13
σ2g =
8πσ4f
σ2r
(3.8)
Physically σ2g is a measure of the e
−1 radius of the correlation function; more im-
portantly it is a measure of the spatial coherence of the beam. It is important to
remember that the larger σ2g is, the more coherent the propagating beam will be.
This useful fact allows us to create both a partially spatial coherent beam, as well
as a fully coherent beam.
The instantaneous intensity at the receiver plane of a normal propagating coher-
ent laser source through horizontal turbulence is deﬁned as
fcs(x, y) =
∣∣F−1 {F {E(x, y)exp [jT (x, y)]}H(u, v)}∣∣2 . (3.9)
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3.3 Simulation
3.3.1 Channel Description
This wave optics simulation is an extension of simulations used in previous ef-
forts9,13,34 and has been extensively tested, and compared to theory when possible.
This FSO channel is primarily composed of two parts, the optical channel and the
feedback channel. The feedback channel is assumed to be a simple low bandwidth
radio frequency (RF) communications channel that sends the current UCL and re-
ceived power level to the transmitter to optimize the transmission parameters of
the partially coherent beam. If the received power becomes too low the receiver will
reset to calibration mode. The transmitter will recognize this by the low power level
sent by the receiver, and sweep through a predetermined set of σ2g parameters to
redeﬁne optimal settings. It is assumed that the actual analysis will occur within
the receiver, keeping transfered data on the low bandwidth channel to a minimum,
and ensuring that any actual communications data is not accidentally retransmitted
over the feedback channel. A simple system overview can be seen in Figure 3.1.
Figure 3.1: Free Space Optical Communications Channel Overview
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3.3.2 Constants
The simulation is broken up into two separate models, the small aperture model and
the large aperture model. The small aperture model is a 10cm by 10cm atmospheric
cross-section that is propagated 100m, and the large aperture model is a 3m by 3m
atmospheric cross-section that is propagated 17,778m. At the receiver each cross-
section is then broken down into diﬀerent aperture sizes. This was done to show the
versatility of the technique, regardless of propagation path, beam parameters, or
receiver aperture size. The simulation parameters for each model are listed below.
3.3.2.1 Small Aperture Model
• λ = 632.8nm
• z = 100m
• N = M = 512pixels
• w0 = .01m
• σf = 10−3m
• Δx = Δy = 0.19531mm
3.3.2.2 Large Aperture Model
• λ = 632.8nm
• z = 17, 778m
• N = M = 800pixels
• w0 = .2m
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• σf = 1m
• Δx = Δy = 3.7mm
3.3.3 Analysis
The analysis begins by observing the average irradiance ﬂuctuations of the GSM
and FCS over diﬀerent receiver apertures and turbulence strengths for the small
aperture model in Figures 3.2-3.4. As expected in all cases the larger σ2g is the
closer the average irradiance of the GSM is to the average irradiance of a FCS.
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Figure 3.2: Average received irradiance of increasing the spatial coherence of the
GSM compared to a FCS through turbulence. [Small Aperture Model with r0 = 0.3]
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Figure 3.3: Average received irradiance of increasing the spatial coherence of the
GSM compared to a FCS through turbulence. [Small Aperture Model with r0 =
0.03]
These results were obtained by calculating the average irradiance for 250 dif-
ferent realizations of PCB(x, y) and fcs(x, y) then averaging the individual means
together. The purpose of multiple turbulence strengths, controlled by r0, was to
show that the upper-coherence limit will change with turbulence strength, yield-
ing unique solutions for a particular channel. As expected the received average
irradiance ﬂuctuated more in the strong turbulence(r0 = 0.003m), than the weak
turbulence(r0 = 0.3m).
In Figures 3.5-3.7 the averaged spatial variance for diﬀerent GSM parameters
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Figure 3.4: Average received irradiance of increasing the spatial coherence of the
GSM compared to a FCS through turbulence. [Small Aperture Model with r0 =
0.003]
are compared to the spatial variance of the FCS, where the horizontal dotted lines
represent the maximum spatial variance of the FCS for each aperture value, the
solid lines represent the average spatial variance of the FCS for each aperture value,
and the dashed lines represent the minimum spatial variance of the FCS for each
aperture value. It should be noted that the aperture area markers for the GSM
correlate to the same aperture area for the horizontal line FCS data.
Inspection of Figures 3.5-3.7 show that as turbulence strength increases, the
spatial variance of the FCS increases as shown by the widening of the minimum and
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Figure 3.5: Spatial variance of GSM vs Spatial variance Statistics of Fully Coherent
Source. [Small Aperture Model] The dotted line represents the maximum Spatial
variance from the simulated FCS, the solid line represents the average spatial vari-
ance of the FCS, and the dashed line represents the minimum spatial variance of the
FCS. The aperture size markers for the GSM and the FCS are the same to better
allow comparison between models.
maximum lines. This spreading indicates that as turbulence strength increases the
variance of the spatial variance increases with turbulence. In the weak turbulent
regime(Figure 3.5) there are few if any variance encroachments, but in the stronger
regimes(Figures 3.6 and 3.7), there are instances when the variance of the GSM
becomes greater than the FCS. This result is expected since the larger σ2g is, the
the more coherent the propagating beam will become. It is for this reason that the
UCL is being proposed for FSO communication that utilize PCBs.
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Figure 3.6: Spatial variance of GSM vs Spatial variance Statistics of Fully Coherent
Source. [Small Aperture Model] The dotted line represents the maximum spatial
variance from the simulated FCS, the solid line represents the average spatial vari-
ance of the FCS, and the dashed line represents the minimum spatial variance of the
FCS. The aperture size markers for the GSM and the FCS are the same to better
allow comparison between models.
The next step is to analyze the scintillation index(SI) to determine the optimal
UCL. For reference the deﬁnition of SI is
SI =
variance(q)
[mean(q)]2
. (3.10)
where q in this instance is a 2D matrix of the apertured simulated irradiance for one
instance of PCB(x, y) or fcs(x, y). The UCL is deﬁned as the spatial coherence
cut-oﬀ point, which is found by determining the -3dB point from the maximum
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Figure 3.7: Spatial variance of GSM vs Spatial variance Statistics of Fully Coherent
Source. [Small Aperture Model] The dotted line represents the maximum spatial
variance from the simulated FCS, the solid line represents the average spatial vari-
ance of the FCS, and the dashed line represents the minimum spatial variance of the
FCS. The aperture size markers for the GSM and the FCS are the same to better
allow comparison between models.
value of SIdB. This -3dB point corresponds to the approximate half power of the
transmitting GSM beam when compared to a FCS. The SI equation in decibels(dB),
is deﬁned as
SIdB = 10log10
(SI(PCB)
〈SI(fcs)〉
)
(3.11)
where 〈SI(fcs)〉 denotes the average of SI(fcs). The averaging was done to con-
solidate all of the FCS data from Figures 3.5-3.7 to better estimate the half power
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point of a PCB when compared to a FCS. These results are now presented in Fig-
ures 3.8-3.10, with the UCL being represented by the intersection of SIdB and the
dotted line.
Figure 3.8: Scintillation Index of GSM. [Small Aperture Model]
As observed in Figures 3.8-3.10, when turbulence strength increases SIdB starts
to converge to the same UCL value, regardless of aperture size. In weak turbulence
the smallest aperture size, basically a single point, has the best response. The reason
for this is because the point is on-axis, there is minimal turbulence to refract it, and
the more incoherent the beam is, the more uniform the resulting intensity will be.
The more interesting results appear in Figure 3.9 and Figure 3.10, where it is shown
that as the turbulence strength increases the UCL begins to converge to the same
value, regardless of aperture size.
Figures 3.11-3.12 show the SIdB data for larger aperture sizes as deﬁned in the
large aperture model. As expected, the large aperture results take on the same form
as the small aperture results. The large aperture SIdB data has been shifted by the
maximum value of SIdB to zero dB to make the UCL value more obvious. These
large aperture results coincide with the small aperture model, showing that a UCL
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Figure 3.9: Scintillation Index of GSM. [Small Aperture Model]
is theoretically obtainable regardless of aperture size or turbulence strength.
3.4 Conclusions
This chapter has shown that there is a straight forward method to calculate the
upper-spatial correlation width of a GSM beam in a closed channel, regardless of
aperture size, or turbulence strength. This has been shown through the unique
solutions to the UCL for each simulated channel. By using this analysis method to
ﬁnd a limit, it takes some of the guess work out of determining the correct PCB
parameters, which will help simplify correcting for turbulence. Future work that
needs to be completed is verifying the UCL experimentally, and ensuring that the
UCL is obtainable in the Fraunhoﬀer domain.
An oﬀ the shelf experiment to test the UCL theory could be done using a spatial
light modulator to create the GSM, with the control computer linked to the receiver
through an Ethernet connection. The receiver could be as simple as an Ethernet
camera or more complex with a camera and computer setup.
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Figure 3.10: Scintillation Index of GSM. [Small Aperture Model]
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Figure 3.11: Scintillation Index of GSM. [Large Aperture Model]
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Figure 3.12: Scintillation Index of GSM. [Large Aperture Model]
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Chapter 4
A Technique for Estimating the
Number of Control Elements
needed to Approximate the
Gaussian-Schell model in a Free
Space Optical Communications
Channel
4.1 Introduction
Traditional free space optical(FSO) communications are adversely aﬀected by tur-
bulence, causing speckling in the received ﬁeld under many operating conditions of
potential interest.1–6 Recent work has shown that transmitting a partially coher-
ent beam has promise to mitigate some of the speckling that occurs at the receiver
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without signiﬁcantly reducing the signal-to-noise ratio(SNR) of the received sig-
nal6,8–11,13,13–17. Most of the work done in this area has focused on the concepts of
the propagating ﬁeld, and less on analyzing what is necessary to bring the concept
to practice. This chapter presents the results of a wave optics simulation designed
to determine the minimum number of elements necessary in a spatial light modu-
lator to generate a useful approximation of an ideal Gaussian-Schell model(GSM)
beam18,19. The goal was to determine the minimum number of elements necessary
to stabilize the scintillation index(SI) of the GSM at the receiver.
This chapter shows that the spatial resolution available in the current generation
of commercial SLMs is suﬃcient to generate a GSM beam through turbulence. The
fewer elements in a SLM the more likely the received ﬁeld will be farther from the
ideal GSM. This chapter estimates the point in which increasing the number of
elements in a SLM leads to diminishing returns in stabilizing the received ﬁeld.
The rest of the chapter is organized as follows. Section 4.2 is an overview of
the split-step method for modeling the GSM beam through a horizontal turbulence
channel. In section 4.3 the simulation parameters and results will be presented and
discussed. Finally, section 4.4 will end with the conclusion and thoughts about
future work.
4.2 Mathematical Model
This chapter uses the split-step method of modeling35,36 to simulate propagation
of the GSM beam though turbulence to the receiver. The ﬁrst step is to generate
a Gaussian beam, this beam is then combined with the phase control screen that
would be applied to the SLM. The resulting function, Eslm, is the simulated light
oﬀ of the SLM, this reﬂected light is deﬁned as one instance of a GSM beam before
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propagation. The remaining instances of a fully developed GSM beam are ﬁlled in
by other independently generated phase screens at the rate that the SLM can apply
them.
The simulation then propagates one GSM instance through a number of turbu-
lence phase screens to a ﬁnal receiver distance, z. All propagation path lengths,
Δz, are equal to simplify the scaling of the propagation mathematics35. The main
problem with this turbulence correction technique is the reliance on the frame rate
of the implementing SLM, this is because the frame rate of the SLM should be
greater than the rate of change of the atmosphere. An overview of this method for
generating one instance of the GSM is presented in Figure 4.1.
Figure 4.1: Overview of split-step simulation method for one instance of the GSM.
One instance of the GSM of a partially coherent beam reﬂected from the spatial
light modulator before atmospheric propagation is given by
Eslm(xslm, yslm) = E(xslm, yslm)exp [jθ(xslm, yslm)] (4.1)
where xslm and yslm are the number of movable elements in the x and y directions of
the spatial light modulator respectively, E(xslm, yslm) is the Gaussian beam incident
upon the SLM deﬁned by29
E(xSLM , ySLM) = exp
[
−(xSLMΔxatmo)
2 + (ySLMΔyatmo)
2
w20
]
, (4.2)
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where Δxatmo and Δyatmo are the sample spacings of the atmosphere in the x and y
directions respectively, w0 is the e
−1 radius of the beam, and θ(xSLM , ySLM) is the
phase control screen of the GSM applied to the SLM, which is deﬁned as
θ(xSLM , ySLM) = [f(xSLM , ySLM)⊗ r(xSLM , ySLM)](ΔxatmoΔyatmo) (4.3)
where ⊗ represents the two dimensional convolution operator, with f(xSLM , ySLM)
and r(xSLM , ySLM) being deﬁned as
f(xSLM , ySLM) =
1
2πσ2f
exp
[
−(xSLMΔxatmo)
2 + (ySLMΔyatmo)
2
2σ2f
]
(4.4)
r(xSLM , ySLM) =
(γ(xSLM , ySLM)− .5)σr
(ΔxatmoΔyatmo)2
. (4.5)
γ(xSLM , ySLM) is a matrix of numbers provided by a random number generator
whose output is uniformly distributed on [0,1], F represents the Fourier transform,
σr relates to the amplitude variation of the phase screen, and σf is the transverse
spatial correlation length. Both σr and σf have units of length.
The spatial correlation width, σ2g , of θ is
9,13
σ2g =
8πσ4f
σ2r
(4.6)
Physically σ2g is a measure of the e
−1 radius of the correlation function; more im-
portantly it is a measure of the spatial coherence of the beam.
The ﬁrst step to propagate ESLM through atmospheric turbulence is to down-
sample θ from the maximum spatial resolution, to the desired number of pixels in
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the simulated SLM. This is done by linearly sampling θ(max(xSLM),max(ySLM))
every max(xSLM )
xSLM
and max(ySLM )
ySLM
. Now the downsampled θ values need to be repli-
cated to achieve a uniform oversampling of θ to match the atmospheric sampling for
simulating the SLM. This ensures that the atmospheric sampling is consistent for
every simulated case by oversampling the ﬁeld when the SLM has few phase control
elements. An example with xSLM = ySLM = [10, 800] has been given in Figure 4.2.
Figure 4.2: First stage is to sample θ at atmospheric resolution. The second stage
is to downsample θ to the simulated spatial resolution of the SLM. The third stage
is to replicate the values to achieve an oversampling that matches the atmospheric
sampling.
ESLM is then symmetrically zero padded to the same sampled size as the turbu-
lence channel, xatmo and yatmo. A physical image of how ESLM resides centered in
the turbulence channel is presented in Figure 4.3.
After padding ESLM , a Kolmogorov turbulence phase screen, T (xatmo, yatmo), is
generated by MatLAB’s adaptive optics toolbox and placed in the atmospheric chan-
nel of the GSM ﬁeld before propagating. Mathematically this operation is deﬁned
as ESLM(xatmo, yatmo)e
jT (xatmo,yatmo). The turbulence strength for this simulation is
controlled through the Fried parameter, r0, deﬁned by
7
r0 = 0.185
[
4π2
k2C2nΔz
]3/5
, (4.7)
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Figure 4.3: (Left) Physical comparison of SLM and the atmospheric channel. (Right)
Simulated SLM and atmospheric channel overlay at z = 0.
where C2n is the atmospheric structure constant, k is the scalar wave number deﬁned
as k = 2π/λ, and Δz is the propagation distance between turbulence layers, deﬁned
as
Δz =
z
As
, (4.8)
where z is the total propagation distance, and As is the number of atmospheric slices
to compute.
The ﬁeld is then propagated using the Fresnel propagator6 as deﬁned by
H(u, v) = F
{
exp [jkΔz]
jλΔz
exp
[
jk
2Δz
(
(xatmoΔxatmo)
2 + (yatmoΔyatmo)
2
)]}
(4.9)
where u and v are the spatial frequencies of the propagator, and λ is the wavelength.
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Mathematically the ﬁrst propagation is deﬁned as
F{Eslm(xatmo, yatmo)ejT (xatmo,yatmo)}H(u, v). (4.10)
After propagation another independent turbulence screen with the same statistics
is placed in the atmospheric channel and propagation occurs again. This process
is repeated As times. This entire process is then repeated, S times, to achieve the
desired number of instances that compose the fully developed GSM, as shown in
Figure 4.4.
Figure 4.4: Overview of split-step simulation method to fully develop the GSM.
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4.3 Simulation Results
The simulation results are for ﬁnite apertures of diameter D, with the same physical
simulation propagation paths, while the number of phase control elements in the
spatial light modulator change. To compensate for the static physical dimensions,
the elements themselves are assumed to be physically scaled as shown in Figure 4.2,
to ensure that the results correspond to number of elements, keeping the total
physical length of the SLM, LSLM , and atmosphere, Latmo, constant. The simulation
parameters are listed below.
• λ = 632.8nm
• w0 = 0.05m
• Δz = 1, 000m
• z = 4, 000m
• xSLM = ySLM = [4, 5, 8, 10, 20, 40, 50, 100, 200, 400, 800]pixels
• LSLM = .2m
• xatmo = yatmo = 4, 000 pixels
• Latmo = 1m
• σf = 0.04m
• σg = 0.005m
• S = 5, 000
It should be noted that the results of this chapter use a high number of GSM
instances, S, when calculating the SI. This was done to work in the limit and ensure
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that the GSM was fully developed at the receiver. In a practical FSO communica-
tions system S would be signiﬁcantly reduced.
The analysis begins with a low turbulence model as shown in Figure 4.5. The
goal is to determine stability and linearity of the SI at the receiver. Analyzing
the scintillation index shows that regardless of the receiver diameter, D, in a low
element SLM there is a signiﬁcant non-linear component in the received SI, and
as the number of elements increases the scintillation index values stabilize. This
trend continues in both Figures 4.6 and 4.7 regardless of aperture size or turbulence
strength. This is expected with this technique since the fewer elements in a SLM,
the less developed the propagating GSM beam will be.
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Figure 4.5: Scintillation Index vs Controllable Pixel Elements, Fried Parameter =
0.3m
The number of elements necessary to compensate for atmospheric turbulence is
turbulence dependent as shown by observing the varying degree that the non-linear
term lasts in the scintillation index before stabilizing. This is not necessarily an issue
since in all cases by the 50 by 50 element SLM the scintillation index stabilized. The
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Figure 4.6: Scintillation Index vs Controllable Pixel Elements, Fried Parameter =
0.03m
reason for this being a non-issue, is that SLM’s with more elements than this are
commonly available in oﬀ the shelf products by Boulder Nonlinear, Iris AO, and
Holoeye Photonics AG. This means that the limiting factor to implement the GSM
in FSO communications is the frame rate of the SLM.
4.4 Conclusion
It has been shown that the number of elements necessary to correct for atmospheric
turbulence and generate a GSM at the receiver is turbulence dependent. Fortunately
though the minimum number of elements necessary to correct for the strongest
simulated turbulence case is only a 50 by 50 element spatial light modulator, since
these types of devices are already commercially available the only real problem
remaining is to increase the switching frequency that these SLMs operate at, allowing
more frames to be generated in a smaller time frame, and allowing the GSM to
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become a practical method for mitigating turbulence.
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Chapter 5
Conclusion
5.1 Summary
This dissertation has shown that the Gaussian-Schell model of partial coherence is
a useful and straight forward method to mitigate atmospheric turbulence by con-
trolling the statistics of the source to reduce the variance of the received ﬁeld while
maintaining the SNR. This means that traditional expensive adaptive optics are not
necessary in a FSO system to compensate for atmospheric turbulence. This concept
has been experimentally demonstrated in the far-ﬁeld using a liquid crystal SLM
over a range of turbulence strengths.
A method for determining optimal GSM beam parameters in an unknown tur-
bulent atmosphere was developed and modeled using a wave optics simulation. The
results from this work show that it is possible to create a partially coherent source
and a fully coherent source using the same hardware to determine optimal trans-
mission parameters in otherwise unknown turbulence while maintaining SNR. This
technique has also been shown to work for a variety of turbulence strengths, atmo-
spheric cross-sections, and receiver diameters. The only added complication is that
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it requires a simple RF link to close the channel. Fortunately though no critical
information is transfered over the RF link helping to ensure secure optical commu-
nications.
Finally it has been shown that generating a fully controllable GSM using a
SLM to correct for atmospheric turbulence is close to being a practical solution.
This is due to the high spatial resolution of the current generation of spatial light
modulators. The main problem with generating a GSM beam is the low frame rate
of the implementing SLM, which will be solved as companies slowly increase the
frame rate with new technology and techniques.
5.2 Future Work
Future work that needs to be completed in this area is to prove the UCL exper-
imentally. This would be a fairly easy experiment to setup using a spatial light
modulator and fully coherent source for transmission. The receiver could be a sim-
ple wireless webcam that would operate over WiFi to collect the data. Only one
computer would be required which would control the SLM, and analyze the data,
since the closed loop could be completed using a local area network solution instead
of the dedicated RF link in this controlled experiment.
Another approach would be to develop a set of modiﬁed screens that that are
optimized to reduce the number of GSM instances required to approach the ideal
GSM intensity pattern. This work would be particularly useful due to the slow
nature of the current generation of spatial light modulators.
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